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Abstract
Turbomolecular pumps designed to function in very low pressures tend to be too
prohibitively expensive for student researchers. On the other hand, while conventional pumps are
affordable, they can’t function in extreme low pressures. An additively manufactured axial
compressor however is inexpensive to manufacturer and only needs to be build up enough pressure
for a conventional pump to function. After many design iterations, a final iteration that is near
vacuum chamber ready has been 3D printed and tested for spin functionally. The designed axial
compressor is easy to assemble and very modular. Conclusions from each of the design iterations
is also aimed at assisting future student researchers seeking to pursue this endeavor. Although
vacuum chamber testing did not take place, all the necessary components for a vacuum chamber
test have been identified.
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Introduction

1.1

Motivation
Equipment designed for vacuum tends to be prohibitively expensive especially for students

undertaking research. Standard equipment such as single stage rotary vane pumps do not function
as intended due to lack of pressure at high altitudes. Researchers performing experiments where
the pump is exposed to vacuum then must resort to turbomolecular pumps. The problem with
turbomolecular pumps that are designed to operate in ultra-low-pressure environments is that even
the rebuilt/used models are still at a minimum $3,000+ [1]. A potential solution to this however is
to design a cheap axial compressor out of inexpensive materials that can build up just enough
pressure for a conventional rotary vane pump to operate. In particular, being able to additively
manufacture a plastic axial compressor (even if the axial compressor is single use) would greatly
decrease the financial threshold for researchers.
1.2

Objective
The objective of this research is to design an axial compressor that can be 3D printed to

save on manufacturing cost. Two important requirements are: (1) the axial compressor must be
easy to manufacture and assemble, and (2) the axial compressor must be modular. The reason for
modularity is because ABS plastic is not expected to perform as well as aluminum so additional
stages may be needed in the future to accommodate for lower material quality.
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Background

2.1

Constraints
This research was started based on a request from a graduate student. The graduate student

was building a high-altitude weather balloon that was projected to reach a point where pressure
1

would drop to the 1 – 10 Torr range. As pressure drops, the balloon is expected to expand and to
eventually burst. The objective here was to extend the lifetime of the weather balloon by removing
some mass out of the balloon as it went up. While this helium could simply be vented, it was
determined that the helium could still be used by being released back into the balloon via a separate
device if it was stored instead of vented. Since conventional pumps wouldn’t function in this
environment and appropriately graded equipment was too expensive, the cheap solution of a 3D
printed axial compressor to build up enough pressure for a conventional pump was brought up.
Since the 3D printed axial compressor would be interacting directly with this weather balloon, the
only mass the axial compressor would be expected to move is helium.
2.2

Research
Creating an axial compressor via additive manufacturing is not an entirely new concept,

but no major company has appeared to have attempted any notable takes on it. This is likely due
to economies of scale. In the long run, creating multiple properly graded pumps in bulk drives
down the cost of production per unit. An axial compressor made from relatively weak material is
not highly sought after except for by researchers with lower budgets. While companies could
produce some profit from delivering cheaper plastic axial compressors, the profit margins are
probably trivial compared to the profit margins made from aluminum pumps. 3D printing axial
compressors therefore is currently very much so in hobbyist/individual researcher territory. The
state of research in this field doesn’t appear to be fast paced nor particularly transparent. They also
tend to be made for the intent of modeling a jet engine so it’s difficult to gauge the progress of 3D
printed axial compressors with the intent of high-altitude weather balloon operation.
Research regarding sealing 3D printed parts on the other hand is fairly advanced. These
range from treating the 3D printed parts in an acetone bath to spray painting them to brushing over
2

with specially made 3D print coatings such as XTC-3D [2]. Research regarding surface finishes
however ended up being underutilized in this thesis research due to time constraints. This will be
further explained in Section 4.3.
2.3

Manufacturing
All 3D printing services were provided by the Department of Mechanical Engineering.

Their 3D printing labs have 4 Stratasys uPrint SE Plus 3D printers. The computers used
CatalystEX is parse through provided .STL files and then sent the pathing information to the 3D
printers. The 3D printers use ABS filament along with dissolvable filament as support.
The only non-additively manufactured parts in this axial compressor are the electric motor
and the ball bearings. Neither of these were manufactured in-house however and were instead
ordered.
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Methods

3.1

Mathematical Modeling
The first property to establish about the 3D printed axial compressor is how much mass it’s

expected to move. This can be found from filling up a typical balloon to its capacity at ground
level. Since this balloon will be high altitude, its diameter is expected to be 7 ft.
4 𝐷𝑏𝑎𝑙𝑙𝑜𝑜𝑛 3
1
) = 𝜌 𝜋𝐷𝑏𝑎𝑙𝑙𝑜𝑜𝑛 3
𝑚𝐻𝑒 = 𝜌𝐻𝑒 𝑉𝑏𝑎𝑙𝑙𝑜𝑜𝑛 = 𝜌 𝜋 (
3
2
6
To extend the lifetime of the weather balloon, it wasn’t necessary to deplete the entirety of
the weather balloon. Only 20% of the balloon was requested to be depleted and the time frame for
depletion was set to 20 seconds.
𝑚̇ =

(% 𝑡𝑜 𝑑𝑒𝑝𝑙𝑒𝑡𝑒)𝑚𝐻𝑒
𝑡
3

Figure 1. Visualization of the net “useable” area of the axial compressor. This view is parallel to the mass
flow into the axial compressor.

Now that it is known how much mass will be flowing in a set amount of time, it’s necessary
to know the cross-sectional area that this mass will be flowing through. The outer diameter of this
net “usable” area is defined by the blade length (the radius of the shell is the length of the blade
plus tolerance) and the unusable area in the center is defined by the shaft diameter.
𝐴𝑛𝑒𝑡,𝑖 = 𝐴𝑠ℎ𝑒𝑙𝑙,𝑖 − 𝐴𝑠ℎ𝑎𝑓𝑡,𝑖 = 𝜋(𝑟𝑠ℎ𝑒𝑙𝑙,𝑖 2 − 𝑟𝑠ℎ𝑎𝑓𝑡,𝑖 2 )
Once the mass flow and net area have been established for the entrance of the axial
compressor, a few more parameters are necessary to properly calculate the angle of the first stage
rotor blades. The angle these blades are set at affect all subsequent stages, so it is necessary to
define this angle correctly. These parameters include the velocity at which the rotor blade is
moving at and the velocity at which the helium is moving into the axial compressor.
4

Figure 2. Variables in first rotor angle calculation visualized. The rotor is moving vertically downward as
depicted by the U velocity arrow, and the desired mass flow velocity is moving horizontally to the left as
depicted by the Vh velocity arrow.

Figure 2 visualizes the previous mentioned velocity vectors and shows various desired
angles that can be calculated from knowing these two values [3]. The velocity of the helium
moving into the axial compressor is straightforward and is defined as the flow rate over the crosssectional area.
𝑉ℎ =

𝑄̇
𝐴𝑛𝑒𝑡,𝑖

=

𝑚̇
𝜌𝐴𝑛𝑒𝑡,𝑖

The velocity at which the rotor blade is moving in this simplified 2D perspective however
requires knowledge of the speed at which the rotor shaft is rotating. A Goolsk SURPASS 880KV
motor was ordered for this thesis research. Its KV rating is a manufacturer provided measurement
of the rotational speed of the motor.
𝑁𝑛𝑜 𝑙𝑜𝑎𝑑 = (880 𝐾𝑉)𝑉
However, this is the ideal motor speed with no load. With having to move the entire mass
of the rotor shaft, it is unexpected for the motor to reach this ideal motor speed. Moreover, the
motor accomplishing the task at a lower speed will conserve the battery for later additional
5

operation if necessary. With this in mind, it was decided to have the motor run at 1/3 of its ideal
motor speed was chosen.
𝑈 = 𝑟𝑠ℎ𝑒𝑙𝑙,𝑖 𝑁
The resultant vector from the rotor blade velocity vector and the helium flow velocity
vector is then known. The angle of this vector relative to the horizontal can then be found.
𝑐 = tan−1 (

𝑈
)
𝑉ℎ

If the rotor blade angle is set to this resultant vector angle, the rotor blade’s chord would
be parallel to the resultant vector. To actually move the desired amount of mass though, it is desired
for the rotor blade to be at some angle relative to the resultant vector it is exposed to. At this point
in time, an airfoil profile was chosen to gauge a better ideal of what angle of attack to set for this
axial compressor design. The airfoil chosen was the NACA 2412.

Figure 3. A graph of the coefficient of lift v. angle of attack for the NACA 2412 airfoil [4]. The light blue line
indicates the airfoil’s performance curve for a low Reynolds number. While the helium flow is projected to
have a higher Reynolds number than 50,000 with the helium flow velocity being 9.96 m/s, the low Reynolds
number line was used as reference to avoid accidentally overestimating the airfoil’s ability in an untreated
3D printed form factor.

6

The angle of the initial rotor blade is then simply the resultant vector angle subtracted by
the angle of attack. Although Figure 3 indicates that the NACA 2412 is capable of avoiding stall
until at least an angle of attack of 10° for even the lowest Reynolds number case, an angle of attack
of 7° was chosen (once again until the principle of assuming the airfoil’s ability in an untreated 3D
printed form factor is reduced).
𝑅𝑜𝑡𝑜𝑟 𝑎𝑛𝑔𝑙𝑒1 = 𝑐 − 𝛼

Figure 4. Visualization of the stages in an axial compressor. The stator blades are inclined by the same
degree that the rotor blades are but in the opposite direction relative to the horizontal. Each stage has a
subsequently more aggressive angle based on the airfoil’s angle of attack.

Figure 4 shows a typical design of the axial compressor stages. This design per stage is
favorable as the subsequently more aggressive stages prevent most backflow which would cause
some pressure bleeding. The design principles indicate that the stator blades should be inclined by
the same degree as the rotor blades, just in the opposite direction. Another prominent feature is
that each subsequent stage’s more aggressive angling is tied to the airfoil’s performance data i.e.
the airfoil’s angle of attack.
𝑆𝑡𝑎𝑡𝑜𝑟 𝑎𝑛𝑔𝑙𝑒 = −𝑅𝑜𝑡𝑜𝑟 𝑎𝑛𝑔𝑙𝑒
𝑅𝑜𝑡𝑜𝑟 𝑎𝑛𝑔𝑙𝑒𝑖 = 𝑅𝑜𝑡𝑜𝑟 𝑎𝑛𝑔𝑙𝑒𝑖−1 + 𝛼
The overall reduction in net area between the entrance and the exit is also expected to assist
in pressure build up alongside the pressure built up from the stages. Overall, pressure build up
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from net area reduction and from rotors/stators is expected to produce pressure ratios of 1.1 – 1.4
per stage [5].
3.2

Iteration #1

Figure 5. Isometric and side view of the iteration #1 design. Although difficult to put together, the motor
spun the rotor shaft and produced a non-trivial amount of flow.

As the first iteration, this design has the least amount of expertise put into it. Although this
iteration didn’t quite reach pressure testing stage, it provided a strong foundation for what not to
repeat in future iterations.
The first major mistake eliminated after this iteration was its constant spacing of the rotor
and stator blades horizontally. While the rotor and stator blades were tight near the entrance, the
blades progressively grew further apart towards the exit. The horizontal centers of these blades
were established and then constrained to have consistent spacing apart. In future iterations, the
spacing between the blades would be constrained instead. The reason why this constant spacing of
the center of the blades isn’t found in axial compressors is because the spacing messes with the
rotor/stator interaction as seen in Figure 4. If the helium is not immediately pushed into a
subsequent set of blades, it then has opportunity to grow turbulent and break the expected flow.
8

Figure 6. The vertical dashed lines indicate the position of the center of the rotor blades. The vertical solid
lines indicate the position of the center of the stator blades. Each of these lines were established to be
12.50 mm. apart.

The second mistake here is based on the front ball bearing collar being two components.
The intention here was to print the collar halves and then to bolt them together around the ball
bearing. This however proved to have very little consistency on how centered the ball bearing was
in the collar. This also added unnecessary complexity into its assembly and subsequent
disassembly for observations and maintenance.

Figure 7. The collar halves had 4 holes each which allowed M3 machine screws to bolt the two halves
together.

9

This iteration also featured a difficult interface system. Although it did have 4 tabs at the
entrance and exit for M3 machine screws, the process of attaching and removing components
would’ve been difficult. This interface system was replaced, although the replacement wasn’t
much better. This will be discussed in Section 3.3.
This tab interface system however persisted in a different position. The shell with the
stators was split into halves and then connected via this tab interface system. However, they were
only connected near the entrance and exit. Because of this, there was no guarantee that the halves
mated properly along its entire length. Any sort of warping in the printing process would have
introduced gaps into the design. More interface points were added onto iteration #2 to fix this,
although that brought up its own complications. This will also be discussed in Section 3.3.
The final design decision that was overturned from iteration #1 is the asymmetry of the
two shell halves. Originally this was done to support an odd number of blades to reduce the effects
of potential resonant vibration [6]. However, the advantages of an odd number of blades was far
outweighed by the difficulty in modeling and modifying two “halves” that were 4/7 and 3/7 of the
total shell design.

Figure 8. The left “half” consisted of 4 stator blades per stage while the right “half” consisted of the remaining
3 stator blades per stage. Evidence of difficult modeling/modifying is evidenced by the attachment tabs at
the top and bottom not being normal to the surface of the circle where they were drawn.
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What iteration #1 did accomplish correctly was proving that the design could be 3D printed.
When the electric motor was turned on, the rotor shaft spun at a reasonably reliable spin and created
a fair amount of flow. This however is not necessarily indicative of how it would’ve performed in
a vacuum chamber.
3.3

Iteration #2

Figure 9. Isometric and side view of the iteration #2 design. While all the problems from iteration #1 were
eliminated, iteration #2 brought to light a whole set of new problems.

Figure 10. The horizontal widths of these blades were now measured and manually fit to ensure consistent
2mm spacing in between each set of blades. This alleviated the worry of turbulent flow in the axial
compressor due to the decisions in iteration #1.

All the problems mentioned in iteration #1 were noted and fixed promptly in iteration #2.
Iteration #2 has consistent spacing between the blades rather than between the center of the blades,
one solid ball bearing collar, more tabs to ensure that the shell halves sealed together, and the shell
11

halves are now radially symmetrical. Iteration #2 also had curves added in for more gentle pressure
building as opposed to the harsh and abrupt angle changes in the shell of iteration #1. However,
some testing made it obvious that iteration #2 had its own interesting problems.
The first of these problems was the retained tab system for attaching the shells together.
While 10 new tabs were added on each shell half to guarantee a better sealed fit together, the tabs
made assembly and disassembly much more complicated. The tabs were also fairly weak a couple
were broken off after multiple cycles of assembly and disassembly. This interface system is
completely done away with in iteration #3, although that’s due to greater design changes. This will
be discussed in Section 3.4.
Another problem here was that the replacement entrance and exit interface system was not
much better than iteration #1. While it made the design more compact by not having tabs extend
outwards, the new tabs that were now tangent to the shell surface also tended to be flimsy and
showed signs of wear and tear after a couple of cycles of assembly and disassembly. Once again,
this was removed in iteration #3.

Figure 11. The new interface system was comprised of 9mm x 2mm cuts made of various depths depending
on the attachment. The 2mm thickness is what ultimately caused it to be a weak design.
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A major decision made after iteration #2 though was to stop printing the rotor shaft as one
whole solid piece and to stop allowing CatalystEX to determine the best orientation. CatalystEX
is driven to find the orientation that will save the most time and material, not necessary the
orientation most conducive to strength and reliability [7]. The rotor shaft would often be sent at an
angle for printing, when the best choice here would be to print the entire shaft completely vertically
for proper concentricity of the shaft and blades. This orientation problem however doesn’t persist
into iteration #3 due to the shaft being broken down into smaller components for proper
concentricity of layers when printing. This will be discussed in Section 3.4.

Figure 12. Layer by layer printing wasn’t even parallel with the rotor shaft when CatalystEX optimized the
orientation. Although some problems would be alleviated by the layer by layer printing being parallel,
ultimately the rotor shaft should’ve been orientated with the shaft normal to the 3D printer’s plate. This
would’ve ensured concentricity of the layers in the shaft and blades.

Perhaps the biggest change going forward after iteration #2 was the decision to no longer
split the shell with stators into two halves. This is because although the rotor shaft can technically
be fit in between the halves, the tolerance between the stator blades and the shaft has to be by a
relatively large amount otherwise the stator blades will clip into the shaft. If this doesn’t break or
chip the stator blade during assembly, it will cause interference with the rotor shaft’s rotation.
After enough cycles this may wear down the stator blades until the rotor shaft can rotate smoothly,
13

but this is not an ideal solution. Increasing the tolerance between the stator blades and the shaft
also has problems since that’s another potential source of backflow (just as having the rotor blades
too far from the wall of the outer shell would cause).

Figure 13. Maintaining a tight tolerance between the stator blades and shaft diameter (1mm difference in
radius is being depicted) created problems during assembly and disassembly. The blades of the stator shell
extended well past the “half-way” point and therefore some of the blades began to close in again.

Ultimately, iteration #2 performed much of the same function that iteration #1 did in that
it clearly shows mistakes that shouldn’t be repeated in future iterations. This also experimental
expectations; although many mistakes have been caught and fixed in these last two iterations, it
was evident that the perfect solution was not necessarily in the very next iteration. Iteration #3
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actually proved this again by having its own issues; it wouldn’t be until around iteration #4 where
a majority of the most glaring problems are addressed.
3.4

Iteration #3

Figure 14. Isometric and side view of the iteration #3 design. Like iteration #2, iteration #3 eliminated the
problems of its predecessor. This design was interesting since, although being practically least successful,
it was the most influential in the final design.

Iteration #3 was by far the most ambitious design and was also the greatest practical failure.
Instead of using the shell halves approach, iteration #3 was based around having a large threaded
outer shell to hold everything together. After all the components were screwed into place, two
threaded caps would go on either end to ensure that no components moved. While this is interesting
from a technical perspective, it did not go well in practical assembly. The tolerance for the threads
were a too small of margins and caused significant problems with getting any of the components
a meaningful distance into the outer shell. Although another shell could’ve been printed and
everything could’ve been installed, iteration #3 was examined at for a long time before moving
onto iteration #4. The reason for this deliberation instead of any attempted fixes is because iteration
#3 had just enough of the final desired features that it was worthwhile to carefully lay out iteration
#4 based on some of the features included in iteration #3 rather than to fix what will eventually
15

become clear were several design mistakes. Iteration #3 represented a very modular solution that
was easy to assemble and produce.
All of the problems fixed in iteration #3 were major ones that had been put to the side since
iteration #1 since no meaningful solutions were showing up at the time. The first of these major
problems to be addressed is the rotor shaft to motor interface. Originally, the plan was to bolt the
adapter to the motor’s bolt holes. However, this proved to be practically impossible due to the
configuration. So, for time being without the rotor shaft and motor being bolted together, the motor
drove the rotor shaft via friction. In principle, this was fine as the cap for iteration #3 would push
the motor into the rotor shaft. However, this relied entirely on no slippage. This friction drive was
replaced with an adapter between the motor and the rotor shaft in iteration #4. This will be
discussed in Section 3.5.

Figure 15. On the left: the positive of the bolt holes to connect the rotor shaft to the motor was in an
impossible difficult position to reach. This adapter section of rotor shaft would’ve had to have been
extended. On the right: The motor (depicted as orange) was effectively being pushed into the back face of
the rotor shaft by the end cap. Friction ensured decent transfer of spin from the motor to the rotor shaft due
to no slippage but was not conducive to being a reliable function.

Unlike the previous two iterations, iteration #3 keeps a consistent stator shell diameter and
instead increases the rotor shaft diameter from entrance towards exit. This makes the design
incredible modular as the outer shell only needs to be extended for additional stages and
components to be added into the axial compressor.
16

As mentioned in Section 3.3, the rotor shaft was broken down into multiple components.
The stator shell was also broken down into multiple components are ease of assembly. Essentially,
the components would be placed into the outer shell in a rotor-stator-rotor-stator configuration
until all the components are properly in the shell. To ensure proper orientation, the rotor shaft
components all had a “+” symbol extruded on their back and cut in the front. The only exceptions
to this were the first stage rotor shaft component which had the ball bearing connection on its front
and the fourth stage rotor shaft component which had the motor adapter on its back. To save a little
bit of time on discerning the correct orientation of the rotor shaft components with each other,
these “+” symbols were changed to “–“ symbols in iteration #4. Unfortunately, the stator shell
component orientations were overlooked in this iteration, but iteration #4 fixes this. This will be
discussed in Section 3.5.
This method of putting in all the rotor shaft components and stator shell components
however introduced a tolerancing issue. To maintain a tight tolerance between the stator shell
blades and the rotor shaft, a ring was added to the inside that connected all the stator blades
together. While this works well in principle, the problem arises during assembly. Since the rotor
shaft and the stator shell comes in 4 separate components each now, they have to be assembled in
a particular order. In this case, the problem that arises is between the first stage rotor shaft
component and the first stage stator shell component. Effectively, the order the pieces of to be put
in is as follows: ball bearing collar, then first stage rotor shaft component, and then first stage stator
shell component. The backside of the rotor shaft component however is larger in diameter than the
front of the stator shell component. The rotor shaft component effectively must be “in” the stator
shell component but cannot due to this diameter discrepancy. This problem is fixed in iteration #4
by simply removing the stator shell ring.
17

Figure 16. The stator blades in the stator shell component are connected to each other via a ring in the
center. This ring provides stability but has created assembly problems.

Figure 17. On the left: all three components are separated from each other. The ball bearing collar is blue,
the rotor shaft component is orange, and the stator shell component is white. The dashed lines indicate that
the rotor shaft component’s back diameter is larger than the stator shell component’s front diameter. On
the right: the impossible configuration the rotor shaft component and stator shell component must be in
relative to each other.

The last problem is once again a problem that’s persisted since iteration #1. All three
iterations so far have taken advantage of the motor driving the axial compressor and used it also
as a bearing. However, in a friction fit situation, the concentricity of the rotor shaft with the motor
18

is extremely variable. If the rotor shaft is slightly off center when the entire device is tightened
together with the caps, the motor would effectively cause the entire rotor shaft to slightly wobble.
This wobbling causes unnecessary wear and tear and can be amplified by resonant frequency. The
unstable setup is disadvantages in the long run as it’d require maintenance very often. Iteration #4
solves this by introducing a second ball bearing right in front of the motor. This second ball bearing
ensures that the rotor shaft will remain concentric with the motor and alleviates the motor of having
to act as a bearing. This ensures that no concentricity issues affect how the motor transfers its spin
to the rotor shaft. How the rotor shaft goes through the second ball bearing to reach the motor, and
how the motor now drives the shaft are discussed in Section 3.5.
3.5

Iteration #4

Figure 18. Isometric and side view of the iteration #4 design. This is the final iteration completed for this
thesis research and is the most reliable design by far.

Iteration #4 is by far the most reliable design. The second ball bearing keeps the rotor shaft
fairly concentric with the motor, and the adapter between the rotor shaft and the motor ensures a
proper 100% transfer of spin as opposed to previously relying on no slippage. The threading was
reduced to just the exit of the axial compressor where a cap compresses all the components inside
tightly together to ensure minimal proper movement. Currently, the entrance of iteration #4 doesn’t
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have threading and instead just has a lip to catch all the components; however some threading can
easily be added after the lip however for attachment of front-end components.
The first new feature to look at here is the adapter between the rotor shaft and the electric
motor. The adapter was designed to fit into the cuts of the electric motor. The other side of the
adapter had a hole cut with a 3D printed thread that had consistent results (1mm less in diameter
with 1/2-13 thread). This way, the rotor shaft can reduce in diameter to fit through the second ball
bearing and feeds to the adapter. The adapter, being bigger in size, can properly catch into the cuts
of the motor.

Figure 19. The adapter’s threads connect to the rotor shaft and the adapter’s extensions catch into the cuts
of the motor.

To ensure that all the axial compressor components stay in place within the outer shell, the
outer shell now has guides in the form of grooves. The grooves are [dimensions] and easily allow
for all components to be put in place. Since there are 7 grooves, all radially symmetrical parts can
be inserted with no problems with its orientation when inserted. This guide system allows for easy
assembly and disassembly of the axial compressor.
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Figure 20. Section view of the outer shell as the stator shell components are slid in. The grooves prevent
any rotation of the parts while inside the shell, and the end cap ensures no movement of components inside
of the outer shell. The lip at the entrance of the axial compressor prevents components from falling out.

As mentioned in Section 3.5, the rings of the stator shell were also removed. This increased
tolerance between the stator shell blades and the rotor shaft to 1.5mm, but all the components now
function as intended. The rings could’ve been pushed back to a slightly larger diameter, but it’s
undesirable to use up what could instead be lengthier blades.

Figure 21. On the left is the stator shell of iteration #3. On the right is the stator shell of iteration #3. Although
very similar, iteration #4 no longer as the rings that connected the stator blades together per stage. Iteration
#4 also no longer has outer threads and it now has extrusions that fit into the grooves of its outer shell.
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3.6

Frequency Finite Element Analysis
With iteration #4 completed and approaching a vacuum chamber ready state, a frequency

Finite Element Analysis (FEA) was performed on its rotor shaft. However, the only FEA tool that
was readily available was SolidWorks Simulations. Although robust, SolidWorks Simulations
does not provide the user with enough power over their simulation. As a result, generic
assumptions are made by SolidWorks Simulations and the end result oftentimes reports data that
doesn’t reflect real world occurrences.
The frequency study was set up with a mesh coarseness that was slightly finer than default.
This was done since the tetrahedral meshing technique failed to model some of the blades at the
default mesh coarseness. The front and back end of the rotor shaft were constrained with a zeromovement boundary condition in the X-direction. The front and back end of the rotor shaft were
also fitted with auto-stabilizing bearings.
The FEA results however were less than desirable. Since SolidWorks Simulations is a
relative black box to its end user, it’s difficult to discern why but the simulation results suggested
that resonant frequency only occurred at very low and very high frequencies. The first mode shape
was suggested to occur at a very low 28.5 RPM and the second mode shape was suggested to occur
at a very high 52966.2 RPM. The deformation scale factors were also extremely small, which
indicates that SolidWorks Simulations predicted that the object would be destroyed upon receiving
any sort of rotation. Of course, this doesn’t occur in real life.
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Figure 22. Frequency FEA first and second mode shapes for the rotor shaft. Default tetrahedral meshing
was used with slightly finer than default mesh coarseness. Boundary conditions: zero-movement of the
front and back end of the rotor shaft. Fixtures: auto-stabilizing bearings on the front and back end of the
rotor shaft.

4

Results

4.1

Physical Assembly
The final iteration #4 design is easy to assemble. Unlikely iterations #1 and #2, iteration

#4 requires very few bolts. The only external components that are needed are the two ball bearings,
the electric motor, the attachment piece for the electric motor, and the four bolts that attach the
motor to its collar. Ease of assembly also means that replacing broken components or modifying
just one component of the axial compressor is a simple process. In total, the axial compressor has
14 additively manufactured components and requires 216.28 g amount of ABS filament to print
all the components.
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Figure 23. Top is the fully assembled iteration #4 axial compressor design. Bottom is the disassembled
iteration #4 axial compressor design.

4.2

Modularity
Alongside ease of assembly, iteration #4 is also very modular. If more stages are desired,

the entire outer shell just needs to be extended by the proper length in the print. Once threading is
added to the entrance of the axial compressor, front-end components such as a nozzle adapter to
attach to the weather balloon are simple to put into place. The existing threading on the exit of the
axial compressor current supports a cap, but the cap can be extended into a housing for components
and for proper vacuum chamber testing.
4.3

Performance
Unfortunately, there was not enough time to run iteration #4 in the vacuum chamber. The

only components remaining that would’ve been needed for a vacuum chamber run are a data
acquisition device (DAQ), a computer, and a differential pressure transmitter. The differential
pressure transmitter that was being looked at was the Dwyer 607-3 Differential Pressure
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Transmitter [8]. The vacuum chamber that iteration #4 would’ve been tested in could reach
pressures as low as 1 Torr; with 1 Torr corresponding to 0.536” w.c., the Dwyer 607-3’s range of
0 – 1.0” w.c. and its 0.5% full-scale accuracy (corresponding to accuracy within 0.00933 Torr)
would’ve been able to properly gauge the axial compressor’s performance. The pressure ratio
between each stage could’ve either been measured through 4 different runs or by purchasing 4
separate differential pressure transmitters.

5

Conclusions
Overall, iteration #4 has provided reasonable confidence in a 3D printed axial compressor.

With proper surface treatments, it’s expected that the axial compressor design would’ve ran well
enough to have provided pressure ratios for each of its stages (expected to be in the 1.1 – 1.4 range
of pressure ratio per stage). The multiple iterations of designing the axial compressor established
clearly what mistakes need to be avoided.
Iteration #1 concluded that critical components that must be held concentric within the
axial compressor should not be suspended in collar halves that are bolted together. Most notably,
to keep ball bearings concentric with the entire axial compressor, give it one solid collar.
Iteration #2 concluded that to avoid backflow and turbulence in the flow, the blades within
the axial compressor should be spaced consistently between each other rather than putting a
constant spacing between the centers of all the blades. This iteration also concluded that for
performance, the rotor shaft should be additively manufactured where the shaft is oriented normal
to the print plate. This will ensure that the circularly printed layers are concentric with each other.
Iteration #3 concluded that the rotor shaft diameter should be increased instead of the stator
shell diameter being decreased to change the cross-sectional area. This iteration also concluded
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that the stator shell should not be split into halves and instead a solid stator shell is favored to avoid
gaps and leakage between the halves. That being said, stator shells are typically developed in
halves by companies. For a 3D printed solution however, the shells should be epoxied together to
produce a reliable seal between the halves.
Finally, iteration #4 concluded that a simple groove guidance system is preferable over a
bolt interface system. This iteration also finally addressed the problems with relying on friction
between the motor and rotor shaft for drive. If possible, any sort of physical attachment between
the rotor shaft and motor are necessary for 100% transfer of spin.

6

Future Work
The axial compressor and its SolidWorks files will be transferred to Dr. Huang for potential

future student research. Since the axial compressor is almost fully operational, the last few tasks
are as follows: (1) the end cap needs to be redesigned into a housing for pressure testing, (2) the
outer shell and stator shell components need holes cut extruded for future prints to accommodate
for differential pressure transmitter leads, and (3) the entrance of the axial compressor must be
fitted with threading for a nozzle to the weather balloon (the threading can be skipped in favor of
printing the nozzle directly onto the entrance).
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Appendix A: Mathematical Model Calculations

Figure 24. Mathematical model calculations. Numbers mentioned in Section 3.1 are put into Microsoft Excel
to compute the expected value of the first rotor blade angle.
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